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This article describes changes of optical properties of retroreflectors installed on the inner wall of
the vacuum vessel of the Large Helical Device. They were made of stainless steel and were used for
a CO2 laser polarimeter. The reflectivity for a CO2 laser beam dropped up to 40% after the start of
glow discharge cleanings and main plasma experiments. Then it decreased gradually. The
reflectivity in a wavelength range shorter than 10 m decreased significantly through one
experimental campaign about 4 months. On the other hand the reflectivity in a wavelength range
longer than 50 m was larger than 70%. Decrease in the reflectivity in the central region of mirrors
was more significant the reflectivity for visible beams became almost zero than that in the edge.
The distribution of the reflectivity along the radial direction is expected to be related to the shape of
the retroreflector. The parallelism of the reflected beam to an incident one also deteriorated. The
changes in the polarization angle and in the ellipticity of reflected light polarization were not
observed from the visible to the far infrared range. © 2007 American Institute of
Physics. DOI: 10.1063/1.2786938
I. INTRODUCTION
Because of limitations of port access, diagnostic mirrors
often have to be installed inside a vacuum vessel. These
days, degradations of optical properties due to interactions
between plasmas and mirror surfaces are becoming a serious
problem. For first mirrors in ITER, dependences of the deg-
radations on mirror materials,1–5 plasma species,6 and so on
have been investigated. Since inner mirrors in ITER cannot
be replaced frequently, it is indispensable to understand how
much the reflectivity deteriorates, the mechanism, and the
dependence of the degradation on the wavelength.
Michelson-type interferometers and polarimeters often
utilize retroreflectors5,7–9 for a double pass of a laser beam in
plasmas. It consists of three reflecting surfaces which are
mutually orthogonal like a corner of a cube. It is so useful
because the reflected beam is parallel to an incident beam
regardless of the incident angle. The retroreflector tends to be
installed near a plasma9–11 and the serious degradations of
the optical properties are expected. In addition, several lasers
with different wavelengths are used in the interferometer and
polarimeter systems: from far infrared for example, CH3OH
laser, 119 m to infrared lasers CO2 laser, 10.6 m for
plasma measurement and from near infrared yttrium alumi-
num garnet YAG laser, 1.06 m to visible lasers He–Ne
laser, 0.633 m for vibration compensation and beam align-
ment. Hence changes in optical properties in a wide wave-
length range have to be addressed. In large fusion devices
such as ITER, the wavelength range of about 50 m Refs.
12–14 is attractive to a poloidal polari-interferometer be-
cause of the small beam refractive bending effect the refrac-
tive bending angle is proportional to the squared wavelength
and a moderate phase shift and the Faraday rotation angle.
However, as mentioned in Ref. 5, changes of optical proper-
ties in 50 m range have not been analyzed so far, while
those at 119 m and at 10.6 m have already been done.4,5
Since the levels of degradation of the optical properties are
considerably different between at 119 m and at 10.6 m,4
it is difficult to estimate properties in 50 m range by inter-
polation. Hence, such experimental analyses are indispens-
able to develop the polari-interferometer with the 50 m
range source.
In this article, changes of optical properties of inner ves-
sel retroreflectors installed in the Large Helical Device
LHD are reported. The analyzed reflectors were originally
used for the CO2 laser polarimeter.9 The measurements were
done in a wavelength range from the infrared to the visible
range. A CH3OD laser12 operating at 57.2 m was also used.
This article is devoted to analyses of properties of retrore-
flector long-term operated in large fusion experimental de-
vices in wide wavelength range and discussion of the rel-
evance between the shape of the reflector and degradation,
which have not been reported in detailed so far. In Sec. II,
details of the reflectors and the experimental conditions
when they were used for the polarimeter are described. TheaElectronic mail: takiyama@nifs.ac.jp
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changes of the optical properties reflectivity, polarization,
and parallelism and the dependence on the wavelength are
reported in Sec. III. Secs. IV and V give discussion and
summary.
II. RETROREFLECTOR INSTALLED IN LHD
Figure 1a shows a retroreflector used for the CO2 laser
polarimeter on LHD. Three reflecting surfaces are separated
into three parts and they are fastened by screws without ad-
hesive because they are installed inside the vacuum vessel.
The reason of the separation is to raise machining accuracy.
The retroreflectors are made of stainless steel 316 with mir-
ror surfaces coated with gold. The gold film is to increase the
reflectivity for a CO2 laser beam. They are encapsulated in a
cylinder made of stainless steel 303 to reduce direct bom-
bardment of plasma particles. The diameter and the effective
aperture are 85 and 70 mm, respectively, and its weight is
about 1.8 kg. The accuracy of parallelism before the instal-
lation was less than 0.36 mrad. This corresponds to a dis-
placement of about 3.6 mm after traveling along the return
path of about 10 m. The displacement is much smaller than
the diameter of the window and the port.
The support structures of the reflectors were welded to
the inner wall of the vacuum vessel without insulation. Fig-
ure 1b is a photograph of retroreflectors installed in LHD
only two reflectors, ch 1 and ch 2, are shown. Figure 1c
shows a plan view of the vacuum vessel, a plasma with the
magnetic axis at a major radius of 3.75 m, three probe
beams, and retroreflectors. The reflectors are located on the
equatorial plane. The reflector of ch 1 is the nearest to the
plasma surface and the distance is about 30 cm. While that of
ch 3 is the most away from the main plasma surface, it is
surrounded by the vacuum vessel wall and is the closest re-
flector to a divertor leg. As the thickness of the divertor leg is
about several centimeters and the distance between the leg
and the reflector was more than about 20 cm, the flux did not
strike the reflector. The CO2 laser beams were injected above
the center axis of the reflector by 20 mm so that the reflected
beam can be separated by 40 mm from the incident one.
The retroreflectors were used in the fourth LHD experi-
mental campaign, which lasted for about 4 months. The ma-
terials of the first wall and the divertor plate were stainless
steel and graphite, respectively. Working gases were mainly
hydrogen and helium. Heating powers of electron cyclotron
heating ECH, ion cyclotron range of frequency ICRF
heating, and neutral beam injection NBI were 1, 2.7, and
5.2 MW, respectively, in the campaign. The maxima of the
line averaged electron density and the electron temperature
were 1.51020 m−3 and 4.4 keV not simultaneous achieve-
ment. As wall conditioning, titanium gettering, and glow
discharge cleaning, whose electrodes are near reflectors
shown in Fig. 1c and at the opposite side of the torus,
with hydrogen or helium were performed after plasma ex-
periments almost every day. The total times of the glow dis-
charge with hydrogen and helium were about 128 and
1612 h, respectively. The vacuum vessel during plasma ex-
periments and the glow discharge cleanings were at room
temperature. Wall baking at a temperature lower than 100 °C
was performed in weekends.
III. CHANGES OF OPTICAL PROPERTIES
A. Reflectivity
Probe beams of the polarimeter were superposition of
right- and left-handed circularly polarized beams with slight
difference in frequencies for heterodyne detection of the po-
larization angles.9 During the experimental campaign, the
power of incident and returned beams had been measured.
Figure 2 shows the changes in the ratio. The origin of the
horizontal axis corresponds to the day when the power moni-
tor was started. The ratio includes the reflectivity of the ret-
roreflectors and the transmissivity of the ZnSe window,
through which beams passed twice. During each glow dis-
charge cleaning, the window was shuttered. Since the win-
FIG. 1. Color online a A photograph of a capsulated retroreflector and
b reflectors installed on the inner wall of the vacuum vessel of LHD only
ch 1 and ch 2 are shown. c Positions of three retroreflectors in LHD.
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dow was not coated for antireflection, the transmissivity
changes according to the incident angle of the beam. Differ-
ences in the initial reflectivity were expected to arise from
slight differences in the incident angles. Glow discharge
cleaning before main plasma experiments started from a day
of 35 and the reflectivities in all channels decreased by about
10%. Ratios of ch 2 and ch 3 dropped by 40% and 25%,
respectively, just after the start of the main plasma experi-
ment, while that of ch 1 kept almost constant. All the ratios
decreased gradually during plasma experiments and the de-
crease of ch 1 was more significant than the others. At the
end of the fourth experimental campaign, the spot of the
returned He–Ne laser beam of ch 1 became too weak to be
recognized by eyes. Due to the reduction in the returned
power of the CO2 laser beam, the beat signals for the hetero-
dyne detection of the polarization angle became noisy. Gen-
erally to say, surface condition is determined by competing
processes between sputtering and deposition. Since their
speeds depend on the particle flux and positions of particle
sources during glow discharge cleanings and main plasma
experiments, the differences in temporal behaviors of the re-
flectivity might be related to locations of the reflectors.
A photograph of one of the reflectors after the experi-
mental campaign is shown in Fig. 3a. The gold film cannot
be recognized visually on the surface. The degradation of the
reflectivity strongly depends on the position on the mirror
surface. Although the edge region still keeps specularity, the
middle region is clouded. At the central region it appears to
be gray and specularity is almost lost for visible light. White
splotches whose dimension is less than about 2 mm are seen
especially near the mirror edge. Because the density of the
splotches is not high and the size is small, their contribution
to the decrease in the reflectivity is small at present. How-
ever, increasing the density due to longer exposure may lead
to decrease in the reflectivity. Figure 3b is an enlarged fig-
ure of the splotch with scanning electron microscopy SEM.
The area is scabrous with a crater circled with black broken
line. Metals seem to melt locally and splash on the surface.
Some reasons for these damages are speculated. One is an
arcing since the mirrors were not insulated from the vacuum
vessel. The fact that damages do not form scratches, which is
explained to be caused by BJ force,15 may suggest that
these occur during glow discharge cleanings. The other is
attachment of melted flakes or dust of metal since the sca-
brous area around the crater seems to be larger than arcing
damages reported previously.16–18 After the attachment, the
arcing may be induced due to the scabrous surface and then
crater is thought to be formed.
Figure 4a illustrates the optical setup to measure the
reflectivity of the retroreflector after exposure in LHD. The
incident power was measured without the reflector at the
same distance from the reflector, where the beam spot size
was the same. Figure 5 shows the distribution of the reflec-
tivity of the retroreflector for the CO2 and YAG laser beams
along the radial direction. The 1/e2 diameters of CO2 and
YAG laser beams are about 5 and 3 mm, respectively, and
they both are horizontally linear polarization. The reasons
why the CO2 and YAG laser were selected are as follows:
sensitive to surface condition because of short wavelengths
and a good signal to noise ratio due to high power CO2: cw
of 7.8 W; YAG: cw of 300 mW and high output power sta-
bility. The reflectivity decreased, approaching the central re-
gion for both CO2 and YAG laser beams. At the central re-
gion, the reflectivity in a wavelength range shorter than near
FIG. 2. Change in the ratio of returned power of the probe beam to the
incident one before and during the fourth experimental campaign Ref. 9.
FIG. 3. Color online a A photograph of one of the retroreflectors after the
experimental campaign. b Enlarged photograph of white splotches with
SEM and c the distribution of gold around the splotch with EDS see Sec.
IV.
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infrared, which is often used for beam alignment and vibra-
tion compensation, is almost zero.
Figure 6 shows the dependence of the reflectivity on the
wavelength from the visible to the far infrared range. The
sources are a He–Ne laser, a YAG laser, a CO2 laser, a
CH3OD laser, and a CH3OH laser. All the polarizations ex-
cept the He–Ne laser, which was randomly polarized, were
horizontally linear polarization. The radius r of the position
of the beam spots is 20 mm and the diameters of measured
areas are less than 5 mm. The measured areas of the He–Ne
laser, the YAG laser, and the CO2 laser are determined by the
beam diameters. In the cases of the CH3OD laser and the
CH3OH laser, they are determined by the effective radius of
a piroelectric detector. The reflectivity of the reflector before
exposure to LHD plasmas was measured at only 10.6 m
and was 87%. The reflectivity for longer wavelength was
expected larger. In the cases of YAG and He–Ne lasers, for
example, the reflectivities of a nonexposed and gold-coated
aluminum mirror with the same dimensions, whose reflectiv-
ity at 10.6 m is 93%, are 89% and 74%, respectively. While
the reflectivities at wavelengths of 57.2 m and at 119 m
are almost the same after exposure; it decreases gradually for
shorter wavelength than infrared range. The reflectivity for
the CO2 laser beam decreases from 87% to 40%. Since the
retroreflector reflects light three times, the reflectivity of the
single reflection changes from 95% to 74%. Although Ben-
nett’s formula,19
R/R0 = exp− 4d/2 , 1
where R is the the reflectivity with a roughened surface, R0
the reflectivity with an ideal surface, d the mean surface
roughness, and  the wavelength, describes the change in the
reflectivity due to the surface roughness in the case of the
normal incidence not oblique like retroreflectors, the esti-
mated mean roughness of this retroreflector is about 0.4 m.
A SEM photograph of the mirror surface on the central re-
gion, where the reflectivity deteriorated most the position is
circled in Fig. 3a, is presented in Fig. 7.20,21 From a ste-
reoscopic observation, the roughness is found to be about
0.1–0.5 m. There are also relatively larger “hills,” whose
heights are about 2.5 m, in places. Though the mean rough-
ness estimated from Eq. 1 approximately corresponds to
observation results with SEM, the estimated value seems to
be slightly larger than observation.
B. Dependence on the polarization angle
The dependences of the reflectivity on the polarization
angle are measured with the CO2 laser and the CH3OD laser
beam. The results are shown in Table I. Polarization angles
of the incident beams are 0° horizontally linear polariza-
tion, 45°, and 90° vertically linear polarization. The de-
pendence on the polarization angle is not strong for both
wavelengths. Table I also shows the changes in the polariza-
tion angle after reflection which was measured with the op-
tical setup illustrated in Fig. 4b. The polarization angle af-
FIG. 4. Color online Experimental setups to measure the reflectivity a
and the change in the polarization angle after reflection b after exposure to
LHD plasmas. The radius r is defined as the distance between the beam and
the central axis of the reflector. By changing the position of the reflector, r is
scanned. Two optical path lengths after the reflector are the same in order to
make two beam diameters equal.
FIG. 5. Color online Distributions of the reflectivity for CO2 and YAG
laser beams as a function of the radius of the retroreflector r. The radius r is
defined in Fig. 4a.
FIG. 6. Color online Dependence of the reflectivity on the wavelength
from far infrared FIR to visible region. The radius of the measured posi-
tion is 20 mm.
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ter reflection was measured with a polarizer; the transmission
axis of the polarizer is rotated to find the angle where de-
tected power becomes zero. This measurement also checks
the change in ellipticity of the reflected beam polarization.
The measurement error in the angle was about ±2°, which
is not small. This is because the change in the trans-
mission power is small when the transmission axis is
almost perpendicular or parallel to the polarization angle
P1+cos2i-t, P is the detected power, i the polar-
ization angle of an incident light, and t the transmission
angle of a polarizer. The polarization angles were measured
three times, and the averaged angle is shown in Table I. In
the case of retroreflectors installed in LHD, the change in the
polarization angle by the reflector which is larger than the
measurement angle error was not observed even in the case
of the CO2 laser light whose reflectivity decreased to half.
The changes in ellipticity of the laser beam were not also
observed for both wavelengths.
C. Parallelism
The parallelism of the reflector degrades to 0.64 mrad at
worst. This is caused by slack of screws which are used to
fasten three reflection parts. Slight gaps can be seen between
mirrors in Fig. 3. Since all magnetic coils of LHD are super-
conducting, amplitudes of mechanical vibrations during
plasma discharge are much smaller than those in tokamak.
The slack is expected to be mainly caused by expansion and
contraction due to change in the temperature by the wall
baking. Vibrations from vacuum pump and water cooling,
which are so small but last for whole experimental cam-
paign, may also be candidates. To reduce the lowering of the
parallelism, the screws should be welded after assembly and
the adjustment.
IV. DISCUSSIONS
After the exposure to LHD plasmas for 4 months, the
reflectivity of the retroreflectors decreased and the degrada-
tion in the central region was significant. A laser beam falls
on the center of a retroreflector in a usual usage unlike the
polarimeter system on LHD. Since power is peaked at the
beam axis in the case of the Gaussian beam, the small reflec-
tivity in the central region of the reflector leads to a signifi-
cant power loss.
The surface analyses with SEM and with energy disper-
sive spectroscopy EDS indicate the existence of a rough-
ened layer of the deposition of Fe and Cr, which is expected
to originate from the vacuum vessel wall, ICRF antenna, or
own mirror materials. The thickness of the layer on the cen-
tral region is found to be about several micrometers, and it is
thicker than that on the edge region. The roughness on the
surface also increases with the thickness of the deposition
layer. This causes the distribution of the reflectivity along the
surface of the reflector. On the outmost edge region, there are
no deposition layer and the original mirror surface is eroded.
These imply that the dominant process changes from sputter-
ing to deposition, approaching to the central region.20,21 EDS
also indicates that the gold film on the outmost edge of re-
flector was sputtered and lost, while that on the central re-
gion was covered with deposited materials.20,21 EDS also
shows that the covered gold was exposed in the white
splotches which locate on the deposition layer as shown in
Fig. 3c, while the gold is not observed in splotches on the
outmost edge region. Detailed results of surface analyses will
be published elsewhere.
Since the shape of the retroreflector is hollow, the par-
ticles sputtered from the mirror surface or the deposition
layer are expected to tend to accumulate in the central region
during the main and the glow discharges. Also, each mirror
of the retroreflector largely tilts to the incident direction of
high-energy particles for example, charge exchange par-
ticles; it is possible that deposited particles on surfaces are
sputtered transported mainly to the direction of the central
region. If these accumulations of the deposition in the central
region attribute to the shape of a retroreflector as speculated
by above mechanism, the number of particles which hit the
reflector directly has to be reduced. One method is to use a
shutter, which is closed during the discharge cleaning. How-
ever, it cannot prevent the high-energy particles during main
plasma experiments and such a mechanical system is not so
reliable that the application will not be permitted in large
fusion devices. The other is to bend a beam path by 90° with
the use of a usual flat mirror just in front of the retroreflector.
In this case high-energy particles do not hit the reflector di-
rectly, while the flat mirror will be damaged. Although the
TABLE I. The dependences of the reflectivity and change in the polarization
angle after reflection on the polarization angle.
Wavelength
m
Polarization
angle deg
Reflectivity
%
Change in the
polarization angle
deg
0 40 0
10.6 45 42 −1
90 44 0
0 73 0
57.2 45 75 −1
90 70 −1
FIG. 7. Color online SEM photograph of the mirror surface in the central
region the position is circled in Fig. 3a.
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reflectivity of the flat mirror will be degraded, the total loss
of the beam power is expected to be smaller due to no accu-
mulation of the deposition.
In order to reduce the incident particles during glow dis-
charge cleanings, the reflector should be floated. Insulating
materials usually have the low heat conductivity, and they
cause local rise in temperature and thermal strain in the re-
flector. Aluminum nitride, which is a kind of ceramics, has
high heat conductivity comparable to that of aluminum.
Hence it is a candidate of insulation material of the reflector.
Figure 8 shows the dependence of the change in the
reflectivity of the retroreflector triple reflection on the sur-
face roughness and the wavelength calculated with Eq. 1.
This figure indicates that the difference between the reflec-
tivities at 57.2 m and at 119 m is less than 10% when the
surface roughness is less than 1 m. Actually, in the case of
retroreflector in LHD, the reflectivities at 57.2 m and at
119 m are almost the same. Considering the energy and the
flux of charge exchange particles to the wall in ITER, the
thicknesses of the eroded layer on molybdenum and tungsten
mirrors are less than 5 and 1 m, respectively, during the
full ITER lifetime.4 The effective roughnesses of CuCr and
oxygen-free Cu mirror after 5 m sputtering with deuterium
ions are evaluated with Eq. 1 to be 0.77 and 0.28 m,
respectively.4 Although the surface roughness by erosion
strongly depends on the material, there are almost no differ-
ences between above two wavelengths as for degradation of
the reflectivity if the surface roughness is almost equal level
to the exposure experiments in Ref. 4. However, the surface
roughness is determined by competing processes between
sputtering and deposition, and the processes also depend on
surrounding structural objects, which become sources of de-
posited particles. Hence, the experimental studies on the
deposition on the mirror surface in actual fusion plasma ex-
perimental devices, test facilities, and modeling studies
should be continued. In addition, the way to align and main-
tain the beam path after start of ITER operation should be
addressed because the reflectivity for visible and near IR
range will be expected to drop easily.
Reference 4 reports that the roughened mirror surface
causes the significant changes in the reflectivity and the po-
larization angle of the laser beam at 10.6 m and the effects
have the dependence on the incident polarization angle. On
contrary to that, the reflector installed in LHD does not show
the changes in the polarization angle even at 10.6 m. The
material of the tested mirror, configuration of three mirrors,
exposure conditions, and effective roughness of the surface
are different between two mirrors. The mirror in Ref. 4 is
made of polycrystalline CuCr alloy. They were exposed to
deuterium ions and the surfaces were sputtered down to a
depth of about 5 m with a roughness of 0.77 m. In the
case of retroreflectors in LHD, the deposition is dominant
except the edge region. The effective roughness evaluated
from Eq. 1 is about half of that in Ref. 4 and the reflectivity
at 10.6 m is about four times larger. The difference in the
polarization effect between two exposed mirrors might be
related to the difference in the material, the surface condi-
tion, and the polarization angle of an incident beam due to
the difference in the configuration of the mirrors.
V. SUMMARY
The optical properties of retroreflectors made of stainless
steel 316 were studied. They were installed inside the
vacuum vessel of LHD and used for 4 month experimental
campaign. The reflectivity decreased significantly in a wave-
length range shorter than 10 m, while that in a wavelength
range longer than 50 m was still larger than 70%. The de-
crease in the reflectivity was larger in the central region of
the reflector than that in the edge region. This might be
caused by the shape of a retroreflector. The parallelism also
deteriorated due to the slack of screws, which is expected to
be caused by the repetition of heat expansion and contraction
by baking of the vacuum vessel. Changes in the polarization
state were not observed even for the CO2 laser beam, whose
reflectivity decreased to about half.
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